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Abstract 
Aluminium alloys of the 7000 series are largely used in aeronautical structural applications. In this work a fatigue crack propagation 
study was done in 7050 aluminium alloy under constant load amplitudes as well as under peak overloads. The tests were carried 
out using MT specimens in a servohydraulic machine at a frequency of 25Hz. For the constant amplitude tests three different stress 
ratios were analysed: R=0.05, 0.3 and 0.5. Crack closure was monitored in all tests by the compliance technique using a pin 
microgauge. The crack opening loads were derived from the load-crack opening displacement records after mathematics derivation 
and used to calculate Keff values from which the da/dN- Keff curve is obtained. The crack closure parameter U was obtained 
and related with K and the stress ratio. Under peak overloads the crack closure data show basically the same trend as the 
corresponding experimentally observed crack growth rate transient response. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of INEGI - Institute of Science and Innovation in Mechanical and Industrial Engineering.  
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1. Introduction 
The principal problem in contemporary aircraft industry is to ensure simultaneously reliability, high durability, 
minimum weights and economic efficiency of transport airplanes. In order to get such aircraft characteristics it is 
required to design the structure ensuring structural damage tolerance at the design stage of aircraft, which implies that 
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the structure having regulated damages should sustain strength under limit load, i.e., it should satisfy failsafe 
requirements. 
Crack closure has played a central role in the study of fatigue crack propagation. A large number of researches have 
made attempts to understand the influence of the mean stress on the fatigue crack growth rate based on the crack 
closure argument [1,2]. 
Except for high stress ratios or high 'K values, the fatigue crack growth can be affected more or less by the crack 
closure induced by plasticity in the two-parameter crack growth rate relation zone, Paris regime (regime II), or by 
oxidation and surface roughness in the near threshold regime (regime I). The influence of mean stress on the fatigue 
crack growth rate has been explained with success by the crack closure using the normalized load parameter U [2]. 
Service conditions generally involve random or variable amplitude, rather than constant amplitude loads. 
Significant accelerations and/or retardations in crack growth rate can occur as a result of these load variations. Thus, 
an accurate prediction of fatigue life requires an adequate evaluation of these load interaction effects. To attain this 
objective several type of simple variable amplitude load sequences must be analysed. 
Several mechanisms have been proposed to explain the crack growth transients following variable amplitude 
loading sequences, which includes models based on residual stress; crack closure; crack tip blunting; strain hardening, 
crack branching and reversed yielding. However, the precise micromechanisms responsible for these phenomena are 
not fully understood.  
In spite of some controversy, the effect of residual plastic deformation, which leads to compressive stresses before 
the crack-tip and raises the crack opening load on subsequent crack growth (crack closure), has been identified as the 
most important aspect in explaining also the characteristic features of crack growth retardation [3,4]. 
This study presents the main results of an investigation carried out with 7050-T6 structural aluminum alloy. For 
this purpose, fatigue crack propagation tests under constant amplitude loading have been performed. The influence of 
stress ratio is analyzed. Also testes with single peak overloads were performed. In this case the influence of the 
overload intensity and of the 'K baseline level at which the overload is applied were analyzed. Moreover, the present 
work intends to analyze and evaluate if the observed transient crack growth behavior on aluminium alloy specimens 
subjected to overload loading sequences can be correlated with the crack closure phenomenon. 
2. Material and experimental details 
This research was conducted using AlZnMgCu aluminum alloys with a T6 heat treatment, namely the AA7050-T6. 
The T6 treatment is a full heat treatment processes comprising the operations of solution treatment, quenching and 
age-hardening. The alloy chemical composition and mechanical properties are shown in Tables 1 and 2, respectively. 
 
  Table 1. Main chemical composition of the analysed alloy (weight %) 
Alloy Zn Mg Cu Fe Si 
7050-T6  6.2 2.0 2.1 0.3 0.2 
 
  Table 2. Monotonic mechanical properties of the aluminum alloy 7050-T6 
Tensile strength, VUTS   [MPa] 575 
Yield strength, VYS   [MPa] 532 
Elongation, Hr  [%] 8 
 
Fatigue crack growth tests were undertaken, in agreement with ASTM E647 standard [5], using middle-tension, 
M(T), specimens with 6 mm thickness. The specimens were obtained in the longitudinal transverse direction from 
laminated plates. Fig. 1 illustrates the major dimensions of the samples used in the tests. The notch preparation was 
made by electrical-discharge machining. After that, the specimen surfaces were mechanically polished. 
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Fig. 1. Geometry of the M(T) specimen used (dimensions in mm). 
 
All experiments were performed in a servohydraulic, closed-loop mechanical test machine with 100kN capacity, 
interfaced to a computer for machine control and data acquisition. All tests were conducted in air and room 
temperature, at a frequency of 25Hz. The specimens were clamped by hydraulic grips. The crack length was measured 
using a travelling microscope (45X) with an accuracy of 10Pm. Collection of data was initiated after achieving an 
initial crack length 2a0 of approximately 12mm. The tests were performed in load control mode. Crack growth rates 
were determined by the incremental polynomial method using five consecutive points [5]. 
All the overloads were performed under load control as well as under constant R conditions. After overloading, the 
baseline loading was resumed and the transient crack growth behaviour associated with the overload was carefully 
observed. Single tensile overload tests were performed at 'K baseline levels, 'KBL, of 6, 8 and 10MPa√m. The 
overload ratio, OLR, was 2 and 2.5, which was defined as: 
 
minmax
minOL
BL
OL
KK
KK
K
K
OLR 
 '
'  (1) 
 
where Kmax, Kmin, and KOL are the maximum, minimum and peak overload intensity factors, respectively. 
Load-displacement behavior was monitored at specific intervals throughout each of the tests using a pin microgauge 
elaborated from a high sensitive commercial axial extensometer (±0.625mm of maximum displacement), as illustrated 
in Fig. 2. The gauge pins were placed in two drilled holes of 0.5mm diameter located above and below the centre of 
the notch as depicted in Fig. 2. The distance between these holes was 3.5mm. In order to collect as many load-
displacement data as possible during a particular cycle, the frequency was reduced to 0.5Hz. Noise on the strain gauge 
output was reduced by passing the signal through a 1Hz low-pass mathematical filter. 
Variations of the opening load, Pop, were derived from these records using the technique known as maximization 
of the correlation coefficient [6]. This technique involves taking the upper 10% of the load-displacement data and 
calculating the least squares correlation coefficient. The next data pair is then added and the correlation coefficient is 
again computed. This procedure is repeated for the whole data set. The point at which the correlation coefficient 
reaches a maximum can then be defined as Pop. 
The fraction of the load cycle for which the crack remains fully open, parameter U, was calculated by the following 
equation: 
minmax
opmax
PP
PP
U 
  (2) 
where Pmax, Pmin, and Pop are the maximum, minimum and opening loads, respectively. The values of the effective K 
range parameter, 'Keff, were than calculated by the expression:  
KUKKk opmaxeff '  '  (3) 
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Fig. 2. Pin microgauge and corresponding position in the specimen. 
3.  Results and discussion 
The influence of the stress ratio on the fatigue crack growth rate can be seen in Fig. 3, considering the values of R 
of 0.05, 0.3 and 0.5. The crack growth behavior presents multilinear curves with a maximum of three different 
propagation lines in the Paris regime, defining several zones. Similar behaviors were also observed by Lews [7] and 
Stofanak et al [8] in alloys 5083-H321 and 7005-T591, a type 303 stainless steel and also in a titanium alloy. Yoder et 
al [9] attributed this behavior to the relation between the cyclic plastic zone and certain microstructural characteristics, 
namely the dispersoid spacing, the size of the sub-grain and the grain size, respectively. 
Fig. 3. Effect of the stress ratio on the fatigue crack growth rate. 
A strong R-ratio effect on the fatigue crack growth rate was observed and as '. increases the influence of R on 
da/dN decreases. The crack growth rate da/dN increases with R, being this trend more pronounced between R=0.3 and 
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R=0.5 than that between R=0.05 and R=0.3. For high values of da/dN, near 2x10-4mm/cycle there is no visible 
influence of R between R=0.05 and R=0.3.  
Since fatigue crack growth rate has shown a strong dependence on the stress ratio, a crack closure analysis was 
carried out to correlate the results with '.eff. Crack closure data is represented by plotting the normalized load ratio 
parameter U, defined by Eq. (2), as a function of '. in Fig. 4. This figure shows that the closure response presents 
two different regimes. For low '. values the parameter U drops steeply with decreasing '. Such behavior is probably 
due to the dominance of oxide-induced and roughness-induced crack closure.  
For higher values of '. plasticity-induced crack closure dominates and the closure value is in general independent 
of '.. For R=0.3 parameter U takes a constant value of unity above '.=5MPa.m1/2 and Above '.=9MPa.m1/2 
parameter U practically stabilizes between the values of 0.88 and 0.9 for R=0.05. At R=0.5 no crack closure is 
observed. Thus, the values of the normalized load ratio parameter U increase with the stress ratio, being the influence 
of the stress ratio R on parameter U more significant for the lower values of '..  
The results presented about the influence of the stress ratio on the crack closure shows the expected behavior: as R 
increases U increases also, i.e., U tends to the unity. The change of effective stress intensity factor 'Keff can be 
calculated from U and 'K according to the Paris equation. The objective is to investigate whether the crack closure 
by itself permits the reduction of all the da/dN-'K curves to a unique curve da/dN-'Keff independent of the stress ratio 
R. Fig. 5 shows these results for the three stress ratios analysed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Crack closure data.  Fig. 5. Fatigue crack growth rate versus Keff. 
 
Fig. 5 shows that all experimental points are situated in a relatively narrow scatter band when da/dN is plotted 
against 'Keff according to  
 meffKCdN
da '  (4) 
Therefore, the compensation of crack closure allowed the elimination of the stress ratio effect on the crack 
propagation. Thus, it can be stated that the parameter that controls the propagation of fatigue cracks in this alloy is 
'Keff and not 'K. Three different Paris curves can also be identified from the results plotted in Fig. 5. 
1.E-06
1.E-05
1.E-04
1.E-03
0 1 1 1 1 1
da
/d
N
 [m
m
/c
yc
le
]
'K [MPa m-1/2]
 R=0.5
 R=0.3
 R=0.05
 R=0.05
 R=0.05
2 20
10-6
10-5
10-4
10-
0
0.2
0.4
0.6
0.8
1
1.2
0 2 4 6 8 10 12 14 16 18 20
U
 [-
]
'K [MPam1/2]
 R=0.5
 R=0.3
 R=0.05
 R=0.05'K=5 'K=9
618   L.P. Borrego et al. /  Procedia Engineering  114 ( 2015 )  613 – 620 
Fig. 6 illustrates the typical transient crack growth behaviour following single tensile overloads under constant-'P 
loading applied in the 7050-T6 alloy. The depicted data were obtained for 100% and 150% intensity peak overloads 
(OLR values of 2 and 2.5, respectively) applied when 'K=6MPa√m, 'K=8 MPa√m, and 'K=10 MPa√m were 
achieved under constant amplitude loading. 
This figure shows that, except for the 150% overload at 'K=10MPa√m, were a brief initial acceleration of crack 
growth rate immediately after the overload is observed, the retardation is always immediate. The crack growth rate 
decreases until its minimum value is reached, followed by a gradual approach the correspondent crack growth rate 
level obtained under constant amplitude loading. This trend is not consistent with the behaviour normally reported in 
the literature for other aluminum alloys [4, 10-15], were the behavior is usually referred to as delayed retardation of 
crack growth is generally observed for all loading conditions. As expected, strong influence of the overload ratio, OLR 
and the baseline 'K level, 'KBL, on the crack growth transients was observed. Basically the magnitude and extent of 
crack retardation increases with OLR and 'KBL. However, this last trend is also generally dependent of other 
parameters [3].  
 
Fig. 6. Single tensile overload applied in 7050-T6 alloy at R=0.05 and K of 6, 8 and 10MPa√m. 
Fig. 7 illustrates the typical transient crack closure level following single tensile overloads under constant-'P 
loading applied in the 7050-T6 alloy. The depicted data are for the 150% intensity peak overloads, OLR=2.5, applied 
when 'K=6MPa√m, 'K=8MPa√m, and 'K=10MPa√m were achieved under constant amplitude loading. The stable 
crack closure level obtained under constant amplitude loading for R=0.05 is also superimposed in the figure for 
comparison. 
It is clear from this figure that the crack closure data show basically the same trend as the corresponding 
experimentally observed crack growth rate response presented in Fig. 6. Prior to the overload the U parameter is 
relatively stable and approximately the same as for constant amplitude loading. Upon application of the overload, U 
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rapidly decreases to a minimum value and then increases gradually towards the constant amplitude level. This figure 
also shows that for the 150% overload at 'K=10MPa√m, were a brief initial acceleration of crack growth rate 
immediately after the overload is observed in Fig. 6, U rapidly increases and only then is followed by a decrease to 
the minimum value. 
 
Fig. 7. Crack closure data of the 150% intensity overload applied at 'K of 6, 8 and 10MPa√m. 
 
It is important to notice that the decrease in U is generally immediate after the overload application, which is in 
accordance with the behaviour observed on crack growth rate transients. Moreover, the results presented in Fig. 7 
show clearly that in general the load parameter U decreases, in other words, the crack closure level increases, with 
increasing overload ratio and also with increasing 'K at overload application. When U decreases the minimum 
effective driving force behind the crack is also decreased. The corresponding crack growth rates must therefore be 
lower. Thus, the observed effect of the severity of the overload, as well as the effect of the constant amplitude 'K at 
which the overload is applied, on the crack retardation behaviour is in accordance with the variation of the crack 
closure level. An increase in OLR or of 'K increases the crack closure level, and therefore, the retardation effect 
should be more pronounced as indeed observed in Fig. 6.  
 
4. Conclusions 
1. A strong R-ratio effect on the fatigue crack growth was observed. The crack growth rate increases with R and the 
influence of R decreases as '. increases. 
2. The crack closure parameter U was determined and plotted versus '.. It increases with R. The influence of R on 
U is stronger for the lowers '. values. Also, the influence of R on U is stronger for R=0.05 than for R=0.3 and is 
virtually insignificant for R=0.5. 
3. Despite some scatter obtained in the curve da/dN-'Keff the results for the three stress ratios are under a same 
continuous band. Thus, crack closure seems to be able to explain the influence of the stress ratio on the fatigue crack 
growth rate in the 7050 aluminium alloy. 
4. A strong influence of the overload ratio, OLR and the baseline 'K level, 'KBL, on the crack growth transients 
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was observed. Basically the magnitude and extent of crack retardation increases with OLR and 'KBL. 
 
5. Generally, the crack closure level variation is in agreement with the typical experimentally observed crack growth 
rate response.  
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